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GRAPHICAL  ABSTRACT 


►  A  wrinkled  structure  is  formed 
during  charge/discharge  cycling  of 
Si  nanoparticles. 

►  The  wrinkled  structure  exhibits  high 
capacity  as  well  as  good  rate 
performance. 

►  The  wrinkled  structure  is  retained 
for  long  cycles  by  restricting  lith- 
iation  degree. 

►  Uniform  carbon-coating  of  Si  nano¬ 
particles  further  enhances  the 
performance. 
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Though  silicon  (Si)  is  expected  as  a  high  capacity  negative  electrode  for  lithium-ion  batteries,  its  drastic 
structure  change  during  lithiation/delithiation  cycling  hampers  its  stable  cyclability.  In  this  work,  we 
report  that  a  specific  structure,  a  wrinkled  structure,  is  temporarily  formed  from  Si  nanoparticles 
(particle  size  was  ca.  82  nm)  at  relatively  early  numbers  of  lithiation/delithiation  cycling,  and  that  the 
wrinkled  structure  thus  formed  shows  a  good  performance.  Though  this  structure  soon  transforms  into 
a  different  one,  resulting  in  fading  of  the  performance,  such  transformation  of  the  Si  framework  can  be 
frozen  at  the  state  of  the  wrinkled  structure  by  restricting  lithiation  degree.  Interestingly,  when  Si 
nanoparticles  are  covered  with  a  carbon  nanolayer  (thickness  was  ca.  10  nm)  beforehand,  the  carbon 
layer  is  also  deformed  together  with  Si  and  is  taken  in  by  the  wrinkled  structure.  Such  carbon-coating 
improves  the  rate  performance  of  Si  nanoparticles;  the  carbon-coated  Si  nanoparticles  show 
a  constant  discharge  capacity  of  1500  mAh  g_1-composite  over  100  cycles  and  exhibit  an  excellent  rate 
performance  (1500  mAh  g_1-composite  even  at  a  rate  of  3.3  C). 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  (LIBs)  are  widely  used  for  various  mobile 
devices,  such  as  cell  phones,  laptop  computers,  and  recent  auto¬ 
mobiles,  including  fuel  cell  vehicles,  hybrid  vehicles,  and  electric 
vehicles  (EVs),  due  to  their  higher  energy  density  and  lower  self¬ 
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discharge  rate  than  other  rechargeable  batteries.  [1]  Their  energy 
densities  are  however  still  not  sufficient  for  most  of  the  demands, 
especially  for  EVs.  A  typical  cruising  range  of  EVs  is  only  less  than 
200  km,  and  it  is  rapidly  decreased  by  extra  energy  consumption, 
such  as  lighting,  air  conditioning,  and  defrosting.  The  use  of  EV  is 
therefore  limited  to  short-distance  driving  mainly  inside  a  big  city, 
and  the  development  of  new-generation  LIBs  with  further  higher 
energy  density  is  absolutely  required.  [2]  Silicon  (Si)  attracts  a  great 
attention  as  a  new  negative  electrode  material  for  high-energy 
density  LIBs  due  to  its  extremely  higher  capacity  (3580  mAh  g_1) 
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than  conventional  graphite  negative  electrodes  (372  mAh  g-1).  For 
Si,  however,  there  still  remain  several  technological  hurdles  that 
should  be  overcome.  One  of  the  problems  is  a  low  rate  perfor¬ 
mance,  because  of  a  lower  electrical  conductivity  as  well  as  a  slower 
lithiation  rate  than  graphite.  This  problem  could  be  improved  by 
making  the  domain  size  of  Si  down  to  nanometer  level  [3-5].  The 
other  and  much  more  serious  problem  is  its  poor  cyclability.  Upon 
the  charging,  Si  is  lithiated  to  form  Si — Li  alloy  whose  volume  is  3-4 
times  larger  than  that  of  the  original  Si  and  then  the  Si — Li  alloy  is 
back  to  Si  by  the  discharging.  [6]  Such  a  large  volume  change 
seriously  destroys  the  electrode  microstructure,  i.e.,  the  connec¬ 
tions  among  the  active  materials,  binder  polymers,  and/or 
conductive  additives,  resulting  in  a  rapid  drop  of  the  capacity. 

A  lot  of  efforts  have  been  made  thus  far  to  utilize  Si  for  a  negative 
electrode  material.  One  method  is  to  prepare  nano-sized  and/or 
nano-structured  Si  or  its  composite  with  carbon  (Si/C)  in  which 
buffer  space  is  placed  around  Si,  so  that  Si  can  expand/recover 
without  the  destruction  of  a  whole  electrode  structure.  A  various 
types  of  Si  and  Si/C  composites  have  been  synthesized,  e.g.,  Si 
nanowires  [7,8],  Si  nanotubes,  [9,10]  nest-like  Si  nanosphere  [11  ],  3D 
porous  Si  particle  [12],  monodispersed  Si  nanoparticles  [13],  carbon 
inverse-opal  decorated  with  Si  nanolayer/nanoparticles  [14,15],  C/Si 
or  Si/C  core-shell  nanowires  [16,17],  carbon  nanowires/nanotubes 
loaded  with  Si  nanoparticles  [18],  and  dendritic  carbon  black  loaded 
with  Si  nanocarticles  [19].  These  materials  have  exhibited  better 
performances  than  conventional  Si  negative  electrodes  and  some  of 
them  have  achieved  very  promising  performances,  suggesting  that 
the  control  of  both  the  nano-/microstructures  of  Si  remarkably 
improves  the  performance  of  Si.  However,  such  Si  nanomaterials  are 
usually  produced  by  multistep  and  costly  processes.  Thus,  it  is  highly 
required  to  prepare  Si-based  negative  electrodes  by  a  simple  and 
mass-production  process.  From  a  practical  point  of  view,  commer¬ 
cially  available  Si  nanoparticles  have  an  advantage  of  mass- 
producibility.  Indeed,  recent  publications  have  indicated  a  great 
potential  of  Si  nanoparticles:  their  performances  are  noticeably 
improved  by  optimizing  electrolyte  additives  [20],  binders  [21,22], 
conductive  additives  [23],  and  by  carbon-coating  [13,24-26].  Thus, 
in  order  to  realize  high-performance  LIBs,  it  is  essential  to  develop 
the  methods  for  utilizing  Si  nanoparticles. 

Since  the  volume  of  Si  is  significantly  changed  during  the 
charging  and  discharging  [27],  it  is  very  important  to  understand 
the  structure  change  of  Si  with  the  charge/discharge  cycling.  Long¬ 
term  morphological  changes  have  been  reported  so  far  for  several 
types  of  Si  nanomaterials.  In  the  cases  of  the  Si  nanotubes  [10]  and 
Si  nanowires  [7,8,28-30],  with  repeating  the  charge/discharge 
cycling,  they  gradually  lose  their  crystallinity  and  are  becoming 
a  kind  of  porous  structure,  but  retaining  the  initial  fibrous 
morphologies.  As  a  result,  their  diameters  are  increased  around  1.5 
times  larger  than  original  ones  upon  the  long  cycles.  In  the  case  of 
the  Si  nanolayers  formed  on  the  carbon  inverse  opals,  they  retains 
their  original  ordered  macroporous  structures  even  after  145 
cycles,  despite  the  significant  expansion  of  the  Si  nanolayers  upon 
lithiation  [14].  These  works  have  indicated  that  fibrous  and  nano¬ 
film  morphologies  can  be  retained  even  after  the  long  cycling  and 
this  must  be  a  key  for  their  high  performance  as  a  negative  elec¬ 
trode.  In  contrast,  we  demonstrate  in  the  present  work  that  Si 
nanoparticles  show  a  drastic  morphological  change,  but  still  keep 
their  performance.  The  charge/discharge  cycling  transforms  the 
morphology  of  Si  nanoparticles  into  a  kind  of  wrinkled  structure, 
which  is  completely  different  from  the  ones  from  the  Si  nano¬ 
materials  described  above  and  from  conventional  Si  powder  (pm- 
sized  particles).  We  examine  the  performance  of  the  wrinkled 
structure,  and  demonstrate  that  this  temporary  structure  can  be 
frozen  by  restricting  the  degree  of  lithiation.  In  addition,  the  effect 
of  carbon-coating  of  Si  nanoparticles  is  discussed. 


2.  Experimental 

2.1.  Sample  preparation 

Si  nanoparticles  (#0142JS)  were  purchased  from  Nano- 
structured  &  Amorphous  Materials,  Inc.,  Houston,  TX,  USA.  The 
average  particle  size  was  measured  to  be  82  nm,  by  scanning 
electron  microscopic  observation.  For  comparison,  conventional  Si 
powder  (particle  size  is  ca.  1  pm)  was  also  purchased  from  Soekawa 
Chemical  Co.,  Ltd.,  Tokyo,  Japan.  These  two  types  of  Si  samples  with 
different  particle  sizes  are  referred  to  as  nano-Si  and  micro-Si, 
respectively. 

Nano-Si  was  uniformly  covered  with  a  carbon  nanolayer 
through  a  pressure-pulsed  chemical  vapour  deposition  (P-CVD) 
method  [31—33]  where  a  cycle  of  evacuation  (60  s)  followed  by 
acetylene  feed  (20  vol%  in  N2,  for  1  s)  was  repeated  for  300  times  at 
750  °C.  Then,  the  sample  was  further  annealed  at  900  °C  for  2  h 
under  vacuum.  The  carbon-coated  nano-Si  thus  obtained  is  referred 
to  as  nano-Si /C.  The  weight  fraction  of  carbon  in  nano-Si/C  was 
estimated  to  be  19  wt%,  from  the  weight  changes  when  the  sample 
was  completely  burnt  and/or  oxidized  in  a  thermogravimetric 
analyzer  (TGA-51H,  Shimadzu  Co.)  at  1400  °C  for  2  h  under  an  air 
flow.  The  detail  calculation  method  for  the  carbon  fraction  in  Si/C 
composites  with  thermogravimetry  was  reported  in  our  previous 
work  [27].  From  the  weight  ratio  of  Si/carbon,  the  theoretical 
capacity  of  nano-Si /C  was  estimated  to  be  2970  mAh  g_1,  assuming 
the  theoretical  capacities  of  Si  and  carbon  to  be  3580  [34]  and 
372  mAh  g  \  respectively. 

2.2.  Charge/discharge  measurements  and  ex  situ  characterization  of 
structure  change 

Each  sample  was  mixed  with  conductive  additive  (Denka  Black, 
Denki  Kagaku  Kogyo  Kabushiki  Kaisya)  and  binder  polymers 
(carboxymethylcellulose  (DN-10L,  Daicel  Fine  Chem  Ltd.)  and 
styrene  butadiene  rubber  (TRD2001,  JSR  Corporation))  dissolved  in 
water.  The  weight  ratio  of  these  components  was  as  follows; 
sample: carbon  black: carboxymethylcellulose: styrene  butadiene 
rubber  =  67:11 : 13:9.  The  resulting  slurry  was  pasted  onto  a  copper 
foil.  After  drying  at  80  °C  for  1  h,  the  foil  was  cut  into  a  circular 
shape  (16  mm  in  diameter),  again  dried  at  120  °C  for  6  h  under 
vacuum,  and  then  packed  as  a  working  electrode  in  a  2032-type 
coin  cell  (Hohsen  Co.)  together  with  a  lithium  foil  as  a  counter 
electrode,  through  a  polypropylene  separator  (Celgard  2400,  Cel- 
gard,  LLC.).  The  electrolyte  was  1  m  LiPF6  in  a  mixture  of  ethylene 
carbonate  and  diethyl  carbonate  (1:1  by  volume).  The  construction 
of  the  coin  cell  was  carried  out  in  a  glove  box  filled  with  Ar. 

For  obtaining  Li  insertion/extraction  capacities,  the  coin  cell  was 
galvanostatically  charged/discharged  between  0.01  and  1.5  V 
versus  Li/Li+  for  100  cycles  by  using  a  battery  charge/discharge  unit 
(Hokuto  Denko  Co.,  Tokyo,  Japan;  HJ1001)  or  a  potentiostat/galva- 
nostat  (BioLogic,  Claix,  France;  VMP3).  In  order  to  obtain  electro¬ 
chemical  impedance  spectrum  (EIS)  during  the  cycling,  other  cells 
were  prepared  and  they  were  charged/discharged  under  the  same 
measurement  conditions  as  above,  but  after  the  1,  5,  20,  and  100 
cycles,  EIS  measurements  were  conducted  at  1.5  V  with  an  ampli¬ 
tude  of  5  mV  in  the  frequency  range  from  100  kHz  to  10  mHz.  Note 
that  the  results  of  the  charge/discharge  measurements  in  the  coin 
cells  for  the  EIS  measurements  were  almost  the  same  as  those 
without  the  EIS  measurements.  All  the  electrochemical  measure¬ 
ments  were  performed  at  25  °C. 

To  investigate  the  structural  change  during  the  cycling,  the 
structures  of  the  samples  before  and  after  the  charge/discharge 
measurements  were  analyzed  with  a  transmission  electron 
microscope  (TEM;  JEM-2010,  JEOL  Ltd.)  together  with  selected  area 
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electron  diffraction  (SAD).  For  this  purpose,  other  coin  cells  were 
again  constructed  and  were  charged/discharged  for  5,  20  and  100 
cycles.  The  samples  were  then  taken  out  from  the  coin  cells,  thor¬ 
oughly  washed  with  diethyl  carbonate  and  subjected  to  the  TEM 
analyses.  In  addition,  element  mapping  with  a  resolution  of  several 
nanometers  was  carried  out  for  nano-Si  and  nano-Si/C  after  20 
cycles  with  a  scanning  transmission  electron  microscope  (STEM; 
Titan  80-300,  FEI  Co.)  equipped  with  an  energy  dispersive  X-ray 
spectroscope  (EDS). 

3.  Results  and  discussion 

3.1.  Structure  of  nano-Si/C 

A  TEM  image  of  nano-Si  is  shown  in  Fig.  la.  In  each  particle, 
lattice  fringes  corresponding  to  Si(lll)  planes  are  clearly  observed 
(a  clear  image  is  shown  in  the  Supporting  Information),  indicating 
that  each  Si  particle  is  nano-sized  but  has  a  crystal  structure.  Such 
a  crystal  structure  of  Si  can  be  confirmed  also  by  its  X-ray  diffraction 
pattern  (Supporting  information).  An  enlarged  image  of  nano-Si  is 
shown  as  an  inset  of  Fig.  la,  which  indicates  that  the  present  nano- 
Si  is  free  from  a  surface  oxide  layer  [27]  that  could  lower  the 
performance  of  Si  negative  electrodes. 

Though  there  have  been  a  lot  of  reports  on  the  preparation  of 
carbon-coated  Si  nanoparticles  [13,24-26],  uniform  coating  of  the 
entire  surface  of  Si  nanoparticles  is  always  a  difficult  task.  In  this 
work,  we  used  the  P-CVD  method  that  gives  better  coating  quality 
than  conventional  coating  methods  including  the  ordinary  CVD 


Fig.  1.  TEM  images  of  (a)  nano-Si  and  (b)  nano-Si/C.  The  insets  represent  high- 
magnification  images. 


method  in  which  a  carbon  source  gas  is  continuously  fed  to  Si 
[18,19].  Fig.  lb  shows  TEM  images  of  nano-Si/C.  We  can  confirm  that 
the  entire  surface  of  the  interlinked  Si  nanoparticles  is  uniformly 
covered  with  a  thin  carbon  nanolayer  with  a  thickness  of  ca.  10  nm, 
as  shown  in  an  inset  of  Fig.  lb.  The  carbon  nanolayer  doesn’t  have 
a  conventional  stacked  structure,  but  the  orientation  of  its  gra¬ 
phene  sheets  is  rather  disordered.  Indeed,  a  peak  derived  from 
carbon  (002)  is  not  clearly  observed  in  an  XRD  pattern  of  nano-Si/C 
(Supporting  information). 

3.2.  Charge/discharge  properties 

Charge/discharge  curves  at  the  selected  cycle  numbers  for 
micro-Si,  nano-Si,  and  nano-Si/C  are  shown  in  Fig.  2a— c,  and  their 
corresponding  differential  capacity  plots  are  shown  in  Fig.  2d-f. 
Note  that  all  of  the  charge/discharge  curves  shown  in  Fig.  2  were 
measured  at  a  current  density  of  0.2  A  g-1.  In  Fig.  2a,  the  1st 
discharge  (lithiation)  capacity  of  micro-Si  is  as  large  as 
3750  mAh  g-1,  whereas  its  charge  (delithiation)  capacity  is 
decreased  to  2650  mAh  g-1.  Thus,  the  1st  coulombic  efficiency  is 
71%.  In  the  following  cycles,  the  capacity  rapidly  fades  and  the  5th 
charge  capacity  is  decreased  down  to  430  mAh  g-1.  Such  poor 
cyclability  is  a  typical  behavior  for  bulk  Si  negative  electrodes  [35]. 
Its  differential  capacity  plots  (Fig.  2d)  make  the  lithiation/deli- 
thiation  process  more  understandable.  The  1st  lithiation  curve 
shows  a  sharp  peak  at  0.1  V,  corresponding  to  the  lithiation  of 
crystalline  Si  into  LiisSLj  crystal  and/or  amorphous  LixSi  alloy 
[36,37].  On  the  other  hand,  the  1st  delithiation  curve  shows 
a  complex  one  composed  of  a  sharp  peak  at  0.45  V  together  with 
a  broad  peak  around  0.5  V,  corresponding  to  the  delithiation  from 
crystalline  LiisSU  and  amorphous  LixSi  alloy,  respectively  [36,37]. 
Though  the  1  st  lithiation  brings  about  the  huge  discharge  capacity 
(3750  mAh  g-1),  the  lithium  incorporated  into  Si  is  not  fully 
released,  due  to  the  pulverization  and  insulation  of  Si.  The  2nd 
lithiation  curve  shows  two  broad  peaks  around  0.25  and  0.1  V,  both 
of  which  are  typically  seen  in  the  lithiation  of  amorphous  Si  [37]. 
Though  the  latter  peak  at  0.1  V  could  actually  include  some 
contribution  from  the  lithiation  of  crystalline  Si,  the  drastic  change 
from  the  1st  and  2nd  lithiation  curves  clearly  indicates  that  most  of 
crystalline  Si  is  transformed  into  amorphous  upon  the  1st 
delithiation. 

The  charge/discharge  behavior  of  nano-Si  (Fig.  2b  and  e)  is 
noticeably  different  from  that  of  micro-Si.  Micro-Si  shows  very  flat 
plateau  both  in  the  lithiation/delithiation  curves  in  the  1st  cycle 
(Fig.  2a),  whereas  the  curves  of  nano-Si  (Fig.  2b)  has  a  slight  slope, 
indicating  that  the  formation  of  amorphous  LixSi  and  its  delithia¬ 
tion  are  dominant  rather  than  those  of  Lii5Si4  crystal.  Such  different 
behavior  depending  on  the  particle  size  agrees  with  previous 
literature:  bulk  Si  is  lithiated  into  crystalline  U15S4,  whereas  nano¬ 
sized  Si  is  likely  to  be  lithiated  into  amorphous  LixSi  alloy 
[34,38,39].  As  is  found  from  Fig.  2b,  nano-Si  exhibits  remarkably 
better  1st  coulombic  efficiency  as  well  as  better  cyclability  than 
micro-Si.  The  1st  discharge  and  charge  capacities  are  3630  and 
3290  mAh  g-1,  respectively,  and  thus  the  coulombic  efficiency  is  as 
high  as  91%.  In  the  following  cycles,  the  coulombic  efficiency 
quickly  approaches  to  97  ~  98%.  In  addition,  nano-Si  exhibits  much 
better  cyclability  than  micro-Si:  the  former  retains  a  very  high 
charge  capacity  of  3210  mAh  g-1  at  the  5th  cycle.  Thus,  it  is  clearly 
found  that  simply  by  decreasing  Si  particle  size  down  to  several 
tens  nanometers,  the  performance  of  Si  negative  electrode  can  be 
drastically  improved.  Nano-Si/C  shows  basically  a  charge/discharge 
behavior  similar  to  that  of  nano-Si  (Fig.  2c  and  f),  except  for  its 
slightly  lower  capacity  due  to  the  presence  of  carbon  (19  wt%).  Note 
that  the  capacity  of  nano-Si/C  shown  in  Fig.  2c  is  based  on  the 
whole  mass  of  the  composite  (mAh  g_1-composite).  The  1st 
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Fig.  2.  Charge/discharge  curves  (a-c)  and  the  corresponding  differential  capacity  plots  (d-f)  of  micro-Si  (a,  d),  nano-Si  (b,  e)  and  nano-Si/C  (c,  f)  at  1,  2,  5,  and  100th  cycles.  In  each 
measurement,  current  density  was  kept  at  0.2  A  g_1.  Insets  are  enlarged  plots.  The  capacity  of  nano-Si/C  is  determined  based  on  the  whole  mass  of  the  composite  (mAh  g_1- 
composite). 


discharge  and  charge  capacities  are  2920  and  2500  mAh  g_1, 
respectively,  and  the  coulombic  efficiency  is  86%.  The  first  lithiation 
degree  of  Si  in  nano-Si/C  corresponds  to  Li37Si,  which  is  almost  the 
same  as  that  in  nano-Si  (L^Si).  Similar  to  nano-Si,  nano-Si/C 


exhibits  much  better  cyclability  than  micro-Si:  its  capacity  at  5th 
cycle  is  as  large  as  2460  mAh  g-1. 

The  changes  of  charge/discharge  capacities  of  each  sample 
during  100  cycles  are  shown  in  Fig.  3a  together  with  the  changes  of 
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Fig.  3.  (a)  Charge/discharge  capacities  (large  open/solid  symbols)  and  coulombic  efficiencies  (small  dots)  of  the  samples  versus  cycle  number.  Each  current  density  during  the  seven 
cycling  periods  for  nano-Si  and  nano-Si/C  is  denoted  above  the  graph,  while  the  current  density  for  micro-Si  was  constant  (0.2  A  g-1).  (b)  Retention  ratio  of  charge  capacity  for 
micro-Si,  nano-Si,  and  nano-Si/C.  Note  that  capacity  and  current  density  are  based  on  the  mass  of  the  whole  active  materials,  i.e.,  mAh  g_1-Si  and  A  g_1-Si  for  micro-Si  and  nano-Si, 
while  mAh  g_1-composite  and  A  g_1-composite  for  nano-Si/C.  Charge/discharge  curves  at  1,  2,  5,  and  100th  cycles  were  shown  in  Fig.  2a— c. 
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coulombic  efficiency.  For  nano-Si  and  nano-Si/C,  current  density 
was  altered  during  the  cycling  (see  Fig.  3a  for  the  change  in  current 
density),  while  a  constant  current  density  of  0.2  A  g-1  was  applied 
for  micro-Si  throughout  the  cycles.  The  charge  capacity  of  micro-Si 
is  rapidly  decreased  and  almost  lost  at  as  early  as  10  cycle.  In 
marked  contrast,  nano-Si  and  nano-Si/C  show  much  better  cycla- 
bilities  than  micro-Si,  as  were  indicated  also  by  Fig.  2.  The  capacity 
retention  is  plotted  against  the  cycle  number  in  Fig.  3b,  in  which 
nano-Si/C  always  shows  better  capacity  retention  at  1.0,  2.5,  and 
5.0  A  g_1,  suggesting  its  lower  inner  resistance  due  to  the  presence 
of  carbon.  In  both  nano-Si  and  nano-Si/C,  however,  their  capacities 
are  gradually  decreased  with  repeating  charge/discharge,  indi¬ 
cating  their  successive  structure  changes. 

3.3.  Structure  change  during  lithiation/delithiation  cycling 

In  order  to  understand  the  cyclabilities  of  the  samples,  their 
successive  structural  changes  were  analyzed  with  TEM  together 
with  SAD.  Fig.  4  shows  TEM  images  and  SAD  patterns  of  the  pristine 


micro-Si,  nano-Si,  and  nano-Si/C  before  lithiation,  and  their  images 
after  5,  20,  and  100  lithiation/delithiation  cycles.  Micro-Si  before 
cycling  (Fig.  4a)  looks  bulky  particles  with  high  crystallinity,  which 
is  confirmed  from  strong  spots  in  its  SAD  pattern  (inset).  After  5 
cycles  (Fig.  4b),  the  structure  is  changed  into  porous-like  one  due  to 
the  pulverization,  and  the  SAD  pattern  only  shows  diffuse  diffrac¬ 
tion  rings,  indicating  that  the  framework  becomes  amorphous. 
From  the  finding  that  the  capacity  of  micro-Si  was  almost  lost  at  the 
5th  cycle  (Fig.  2a),  it  is  conjectured  that  most  of  the  Si  framework 
shown  in  Fig.  4b  is  electrically  isolated  because  of  the  pulverization. 
Accordingly,  further  structure  change  is  not  apparently  observed 
after  20  (Fig.  2c)  and  100  (Fig.  2d)  cycles. 

On  the  other  hand,  nano-Si  as  well  as  nano-Si/C  shows 
completely  different  structure  changes.  They  are  originally 
spherical  nanoparticles  with  a  crystalline  structure  (Fig.  4e  and  i). 
After  5  cycles  (Fig.  4f  and  j),  the  whole  frameworks  are  more  or 
less  aggregated,  though  their  spherical  shapes  are  slightly 
retained.  The  SAD  patterns  indicate  that  their  structures  became 
amorphous  upon  the  5  cycles.  Nano-Si/C  (Fig.  4j)  more  loses  the 


Fig.  4.  TEM  images  and  SAD  patterns  of  (a-d)  micro-Si,  (e-h)  nano-Si,  and  (i— 1)  nano-Si/C  before  and  after  the  charge/discharge  cycling:  (a,  e,  i)  the  pristine  samples  before  cycling, 
(b,  f,  j)  after  the  5th  cycle,  (c,  g,  k)  after  the  20th  cycle,  and  (d,  h,  1)  after  the  100th  cycle.  The  corresponding  SAD  patterns  are  shown  as  insets.  The  charge/discharge  conditions  are  the 
same  as  that  of  Fig.  3. 
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Fig.  5.  STEM  images  and  their  elemental  mappings  of  (a— c)  nano-Si  and  (d-f)  nano-Si/C  after  the  20th  charge/discharge  cycles.  The  elemental  mappings  for  (b,  e)  Si  and  (c,  f)  C  were 
analyzed  with  EDS. 


original  shape  and  more  becomes  a  porous-like  structure  than 
nano-Si  (Fig.  4f).  However,  the  former  actually  exhibits  better 
capacity  retention  than  the  latter  by  the  5th  cycle  (Fig.  3),  because 
of  the  presence  of  carbon  in  the  former.  What  is  noteworthy  is 
the  drastic  change  in  structure  both  for  nano-Si  and  nano-Si /C 
from  the  5th  to  20th  cycles  (Fig.  4g  and  k).  During  these  cycles, 
a  kind  of  wrinkled  structure  is  formed,  regardless  of  the  presence 
of  carbon.  It  is  noteworthy  that  nano-Si  and  nano-Si/C  retain  their 
high  performance  even  after  such  drastic  structure  change  around 
20th  cycle  in  Fig.  3.  Upon  the  100  cycles,  however,  the  unique 
wrinkled  structures  are  eventually  transformed  into  a  porous-like 
aggregation  form  (Fig.  4k  and  1),  which  is  similar  to  the  structure 
of  micro-Si  after  100  cycles  (Fig.  4d).  It  is  thus  found  that  the 
capacity  fades  of  nano-Si  and  nano-Si/C  in  Fig.  3  are  due  to  their 
structure  change  from  the  wrinkled  structure  into  the  porous-like 
aggregation.  Interestingly,  such  dynamic  structure  changes  have 
never  been  reported  for  Si  nanomaterials  thus  far,  though  there 
are  a  lot  of  publications  on  the  structure  changes  of  other  Si 
nanoforms:  for  example,  the  Si  nanotubes  [10],  Si  nanowires 
[7,8,28-30],  and  carbon  inverse  opals  [14],  retain  their  original 
morphologies  even  after  a  long  cycling.  To  our  best  knowledge, 
this  is  the  first  report  for  the  formation  of  such  a  wrinkled 
structure  from  Si  nanoparticles,  although  the  formation  mecha¬ 
nism  is  unclear  up  to  now. 

3.4.  Characterization  of  the  wrinkled  structure 

We  then  investigate  the  unique  wrinkled  structure  in  detail. 
First,  EDS  elemental  mapping  with  the  resolution  of  several  nano¬ 
meters  was  performed  on  the  wrinkled  structures  formed  from 
nano-Si  and  nano-Si/C  after  20  charge/discharge  cycles  (Fig.  5).  In 
both  samples,  the  position  of  Si  (Fig.  5b  and  e)  well  overlaps  with 
the  position  of  the  wrinkles  (Fig.  5a  and  d),  indicating  that  the 
wrinkles  are  mainly  comprised  of  Si.  Fig.  5c  shows  that  a  small 
amount  of  C  is  dispersed  in  the  wrinkled  structure.  The  C  detected 
in  Fig.  5c  is  ascribed  to  be  from  binder  polymers,  solid-electrolyte 
interface,  or  carbon  black.  In  nano-Si/C  (Fig.  5f),  the  signal  of  C  is 
much  stronger,  and  more  importantly,  C  is  well  dispersed  and 


overlaps  with  the  position  of  the  framework  (Fig.  5d).  Accordingly, 
Fig.  5f  indicates  that  the  carbon  layer  in  the  pristine  nano-Si/C  is 
deformed  together  with  Si  during  charge/discharge  cycles  and  the 
carbon  is  dispersed  in  the  wrinkled  framework. 

Next,  the  change  in  resistance  components  of  nano-Si  and  nano- 
Si/C  were  analyzed  with  EIS.  Fig.  6  shows  Nyquist  plots  of  these 
samples  before  charge/discharge  measurements,  and  those  after  1, 
5,  20,  and  100  cycles.  In  nano-Si  (Fig.  6a),  a  semicircle  at  a  high- 
frequency  range  is  noticeably  reduced  after  the  1st  cycle,  due  to 
the  amorphousization  and  pulverization  of  Si  which  facilitate  the 
diffusion  of  Li+  inside  the  Si  framework  [40,41  ].  At  the  5th  and  the 
20th  cycles,  the  size  of  the  semicircle  is  almost  the  same  as  that  in 
the  pristine  sample,  whereas  the  semicircle  becomes  significantly 
larger  at  the  100th  cycle.  These  results  indicate  that  inner  resistance 
is  greatly  increased  during  20-100  cycles.  Probably,  the  wrinkled 
structure  (formed  up  to  the  20th  cycle)  retains  the  same  level  of  the 
inner  resistance  as  initial.  In  the  case  of  nano-Si/C  (Fig.  6b),  the  size 
of  the  semicircle  remains  very  small  even  at  the  20th  cycle,  due  to 
the  presence  of  carbon.  However,  at  the  100th  cycles,  the  semicircle 
eventually  becomes  large  as  the  case  of  nano-Si.  These  results  agree 
well  with  the  tendency  of  the  rate  performances  of  nano-Si  and 
nano-Si/C  shown  in  Fig.  3.  As  shown  in  Fig.  4,  the  original  Si-carbon 
core-shell  structure  (Fig.  4i)  is  drastically  changed  into  slightly 
aggregated  (Fig.  4j),  wrinkled  (Fig.  4k),  and  completely  aggregated 
structures  (Fig.  41)  simply  by  the  lithiation/delithiation  cycling. 
During  such  a  significant  structure  change,  carbon  is  also  deformed 
together  with  Si.  As  long  as  the  structure  is  the  wrinkled  one,  nano- 
Si/C  exhibited  an  adequate  rate  performance,  due  to  the  presence  of 
carbon  which  is  uniformly  dispersed  in  the  wrinkles  to  provide  Si 
with  a  conductive  path.  However,  further  structure  change  into  the 
aggregation  would  disconnect  the  carbon  conductive  path,  thereby 
severely  lowering  its  performance. 

The  present  results  suggest  that  nano-Si  shows  a  good  perfor¬ 
mance  at  least  its  structure  change  is  at  the  state  of  the  wrinkled 
structure,  and  that  the  carbon-coating  of  nano-Si  can  be  effective  to 
reduce  the  inner  resistance.  Thus,  it  is  expected  that  if  the  structure 
change  can  be  “frozen”  up  to  the  wrinkled  one,  the  initial  good 
performance  of  nano-Si  could  be  kept  over  a  long  period. 
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Fig.  6.  Nyquist  plots  of  (a)  nano-Si  and  (b)  nano-Si/C  before  the  charge/discharge  cycles  and  those  after  1,  5,  20,  and  100th  cycles. 


3.5.  Freezing  the  structure  change  by  the  restriction  of  lithiation 
degree 

Si  is  electrochemically  lithiated  during  the  discharge  of  a  half 
cell  used  in  this  work.  From  the  first  discharge  capacities  of  nano-Si 
and  nano-Si/C,  their  lithiation  degrees  were  estimated  to  be  Lh.sSi 
and  Li37Si,  respectively  (Fig.  2).  Based  on  these  data,  their  volume 
expansions  can  be  estimated.  It  is  generally  known  that  amorphous 
LixSi  and/or  a  metastable  crystal  phase,  Lii5Si4,  are  formed  by  an 
electrochemical  lithiation  of  Si  at  room  temperature  [36,37].  The 
Lii5Si4  crystal  corresponds  to  the  theoretical  capacity  of 
3572  mAh  g-1,  and  its  volume  is  3.8  times  larger  than  the  original  Si 
[36].  If  the  density  of  LixSi  alloy  is  proportional  to  the  amount  of  Li 
up  to  1.18  g  cm-3  of  Lii5Si4,  we  can  predict  that  nano-Si  expanded 
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Fig.  7.  Charge/discharge  capacities  (large  open/solid  symbols)  and  coulombic  effi¬ 
ciencies  (dots)  of  nano-Si  and  nano-Si/C  versus  cycle  number.  For  both  samples, 
discharge-capacity  was  restricted  up  to  1500  mAh  g~\  Cut-off  potential  in  charging 
was  1.5  V  vs  Li/Li+.  Current  density  was  changed  from  0.2  to  5.0  A  g~\  The  capacity  of 
nano-Si/C  is  based  on  the  whole  composite  mass  (mAh  g_1-composite). 


up  to  3.5  times  its  original  volume.  Similarly,  the  expansion  of  Si  in 
nano-Si/C  can  be  predicted  up  to  3.7  times  its  original  volume.  Such 
significant  volume  expansion  may  be  one  of  the  reasons  for  the 
drastic  structure  change  of  nano-Si  and  nano-Si/C.  Since  the  volume 
expansion  of  Si  depends  on  the  degree  of  lithiation,  the  restriction 
of  the  lithiation  degree  can  reduce  their  structure  changes.  It  has 
indeed  been  reported  that  Si  negative  electrodes  can  be  stably 
charged/discharged  over  a  long  period  when  the  discharge  (lith¬ 
iation)  degree  is  restricted  [42,43].  Thus,  we  applied  this  approach 
to  the  present  nano-Si  and  nano-Si/C.  In  this  work,  the  upper  limit 
discharge  capacity  was  fixed  to  1500  mAh  g-1,  since  further  larger 
capacity  is  actually  not  necessary  to  increase  an  energy  density  of 
a  full  LIB  cell,  from  a  practical  point  of  view.  [6]  Under  such  limi¬ 
tation,  the  lithiation  degrees  of  Si  in  nano-Si  and  nano-Si/C  are 
estimated  to  be  Li^Si  and  Lii.gSi,  respectively,  which  correspond  to 
the  Si  volume  expansions  up  to  1.8  and  2.0  times  their  original 
volumes,  respectively. 

Fig.  7  shows  the  results  of  charge/discharge  measurements  of 
nano-Si  and  nano-Si/C  with  setting  an  upper  limit  of  the  discharge 
capacity  to  1500  mAh  g~\  Note  that  the  current  density  was  changed 
between  0.2,  1.0,  2.5,  and  5.0  A  g-1,  during  the  charge/discharge 
cycling  similar  to  the  profile  in  Fig.  3.  Since  the  maximum  capacity  is 
1500  mAh  g~\  the  corresponding  C-rates  are  0.13, 0.67, 1.7,  and  3.3  C, 
respectively.  Throughout  the  cycling,  both  of  nano-Si  and  nano-Si/C 
exhibit  very  stable  capacity  retention  except  for  between  36  and 
65th  cycle  at  a  very  high  current  density  of  5  A  g~\  At  this  region, 
nano-Si  shows  some  capacity  fade,  whereas  nano-Si/C  retains 
a  constant  discharge  capacity  of  1500  mAh  g_1.  Thus,  nano-Si/C  can 
be  fully  discharged  only  within  18  min,  despite  its  very  high  capacity 
of  1500  mAh  g-1,  corresponding  to  4  times  larger  capacity  of  the 
conventional  graphite  negative  electrodes  (372  mAh  g-1).  There 
have  been  several  reports  on  excellent  rate  performances  of  nano- 
structured  Si  negative  electrodes:  Si/C  core/shell  nanowires 
synthesized  by  the  hard-template  technique  showed  2500  mAh  g_1 
at  6  A  g-1  (2C)  [17],  and  dendritic  carbon  black  loaded  with  Si 
nanoparticles  showed  1500  mAh  g  1  at3  Ag”1  (1  C)  [19].  Though  the 
preparation  method  for  Si/C  composite  in  this  work  is  much  simpler 
than  these  high-performance  materials,  its  performance, 
1500  mAh  g-1  at  5  A  g-1  (3.3  C),  is  as  good  as  these  other  materials. 

Fig.  8  shows  charge/discharge  curves  and  the  corresponding 
differential  capacity  plots  after  1,  2,  5  and  100  cycles  during  the 
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Fig.  8.  Selected  charge/discharge  curves  (a,  b)  and  the  corresponding  differential  capacity  plots  (c,  d)  of  (a,  c)  nano-Si  and  (b,  d)  nano-Si/C  during  100  cycles  shown  in  Fig.  7.  Insets 
are  enlarged  plots.  Note  that  the  capacity  of  nano-Si/C  is  based  on  the  whole  mass  of  the  composite  (mAh  g ^-composite). 


measurements  shown  in  Fig.  7.  The  first  charge  capacities  of  nano- 
Si  and  nano-Si/C  are  1320  and  1180  mAh  g-1  (Fig.  8a  and  b),  and 
their  first  coulombic  efficiencies  are  88  and  80%,  respectively.  After 
the  2nd  cycle,  their  charge  capacities  are  increased  to  near 
1500  mAh  g-1,  and  the  coulombic  efficiencies  are  quickly  increased 
to  96  ~  99%.  In  Fig.  8c  and  d,  the  charge  curves  of  nano-Si  and  nano- 
Si/C  doesn’t  show  a  sharp  peak  at  0.45  V,  which  corresponds  to  the 
delithiation  from  a  crystalline  U15S4,  even  in  the  first  charge 
curves.  Rather  Fig.  8c  and  d  display  typical  lithiation/delithiation 
patterns  for  amorphous  Li*Si  after  the  first  lithiation,  unlike  the 
cases  of  the  charge/discharge  without  capacity  limitation  (Fig.  2). 
Accordingly,  any  Si  in  nano-Si  and  nano-Si/C  is  not  deeply  lithiated 
up  to  Lii5Si4  by  the  capacity  restriction. 

Finally,  the  structures  of  nano-Si  and  nano-Si/C  after  100  charge/ 
discharge  cycles  were  observed  with  TEM  (Fig.  9).  Interestingly, 
both  structures  of  nano-Si  (Fig.  9a)  and  nano-Si/C  (Fig.  9b)  are  very 
similar  to  the  structures  after  20  charge/discharge  cycles  without 
capacity  limitation  shown  in  Fig.  4g  and  k.  It  is  thus  demonstrated 
that  the  structure  change  of  nano-Si  can  be  frozen  at  the  state  of  the 


wrinkled  structure  by  restricting  the  lithiation  degree  of  Si,  and 
under  such  conditions,  nano-Si  can  be  stably  charged/discharged 
for  the  long  period.  Moreover,  when  nano-Si  is  uniformly  covered 
with  a  thin  carbon  nanolayer  beforehand,  the  carbon  layer  is 
deformed  together  with  Si  to  form  the  wrinkled  structure  con¬ 
sisting  of  well-mixed  carbon  and  Si.  The  carbon  in  the  wrinkles  still 
functions  as  a  conductive  path,  and  thus  nano-Si/C  exhibited  better 
performance  than  nano-Si. 

From  a  practical  point  of  view,  the  use  of  Si  nanoparticles  is 
significantly  important  because  they  can  be  prepared  much  more 
easily  than  other  types  of  nano-Si  forms,  such  as  nanotubes  and 
nanowires.  In  addition,  there  are  a  variety  of  methods  for  the 
production  of  Si  nanoparticles,  such  as  chemical  vapor  deposition 
(CVD)  [8,18,19,44-48],  laser  ablation  [49],  solution-phase  reduction 
of  Si  sources  such  as  chlorosilane  [50-53],  and  chemical  etching 
method  [54,55].  We  have  proposed  an  easy  but  effective  method¬ 
ology  to  utilize  Si  nanoparticles  in  this  work.  Such  approach  would 
greatly  contribute  to  further  development  of  new-generation  LIBs 
having  high  energy  density  as  well  as  sufficient  cyclability. 
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Fig.  9.  TEM  image  of  (a)  nano-Si  and  (b)  nano-Si/C  after  100  charge/discharge  cycles 
with  restricting  discharge  capacity  up  to  1500  mAh  g-1. 


4.  Conclusions 

The  structural  changes  of  bulk  Si  powder  (particle  size  was  ca. 
1  pm),  Si  nanoparticles  (particle  size  was  ca.  82  nm)  and  carbon- 
coated  Si  nanoparticles  during  lithiation/delithiation  cycling  were 
analyzed  with  TEM  in  detail.  The  bulk  Si  was  quickly  transformed 
into  a  porous-like  aggregated  form  and  thus  it  lost  90%  of  its  initial 
capacity  even  after  the  5th  cycle.  On  the  other  hand,  Si  nano¬ 
particles  showed  a  much  better  performance,  and  more  impor¬ 
tantly,  their  structural  development  is  noticeably  different.  At  5th 
cycle,  Si  nanoparticles  were  slightly  aggregated  and  fragmented, 
and  at  the  20th  cycle,  the  structure  was  drastically  changed  into 
a  wrinkled  one,  which  has  been  discovered  for  the  first  time  by  the 
present  work.  Interestingly,  when  Si  nanoparticles  were  covered 
with  the  carbon  nanolayer  beforehand,  the  carbon  layer  was  also 
deformed  together  with  Si  and  was  taken  in  the  wrinkles.  The 
carbon  in  the  wrinkles  can  play  a  role  of  conductive  paths,  and  thus 
the  carbon-coated  sample  exhibited  a  better  rate  performance  than 
the  pristine  Si  nanoparticles.  However,  the  performance  of  the 
wrinkled  structure  gradually  faded  in  the  further  cycles,  and  the 
structure  was  eventually  changed  into  a  completely  aggregated  one 
up  to  the  100th  cycle.  It  was  found  that  the  structure  development 
can  be  frozen  at  the  state  of  the  wrinkled  structure  when  the 


lithiation  degree  is  restricted  below  Lii.gSi.  In  this  case,  the  carbon- 
coated  Si  nanoparticles  can  enjoy  a  constant  discharge  capacity  of 
1500  mAh  g-1-composite  during  100  cycles  as  well  as  an  excellent 
rate  performance  (1500  mAh  g_1-composite  even  at  a  rate  of  3.3  C). 
The  present  approach  is  an  easy  but  effective  method  to  utilize  Si 
negative  electrode  and  to  realize  high-performance  LIBs  with  high 
capacity,  high  power,  and  long  cycle  life. 
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